INTRODUCTION
Human RNase 6 is a protein belonging to the bovine pancreatic ribonuclease A (RNase A) superfamily, a vertebrate-specific family comprising small secretory proteins, sharing a common overall 3D structure and displaying a variety of properties. Together with the first ascribed function of pancreatic RNases to digest RNA, several family members were reported to be involved in innate immunity, showing toxicity towards a wide spectrum of pathogens, from viruses, bacteria, fungi and protozoa to helminth parasites [1] [2] [3] . An unusually high evolution rate within the family and the antimicrobial properties of distantly related members suggested a common ancestral innate immunity role [4, 5] . In humans, the family includes eight known members, also called the 'canonical RNases' ( Figure 1A ). Despite their low sequence identity, ranging from 30 % to 70 %, we observe the conservation of the disulfide bonding pattern and the catalytic triad. All members are highly cationic and are localized at the long arm (q) of human chromosome 14 [6, 7] .
RNase 6, also named RNase k6, was first to be identified during a genomic search for a homologous protein of bovine kidney RNase (RNase k2) and localized on q11 region of chromosome 14 [8, 9] . The newly identified human mature protein sequence was found to share 72 % identity with its bovine RNase k2 counterpart. Divergence of the kidney RNases in comparison with the prototype reference family pancreatic type RNases supported their involvement in a differentiated biological role. Due to the presence of human RNase 6 in a large variety of tissues and its expression in monocytes and neutrophils, it was proposed that it could play a role in host defence. Indeed, recent studies by Becknell et al. [10] showed the protein expression in macrophages and epithelial cells at the urinary tract in response to exposure of uropathogenic bacteria. Spencer and co-workers also reported a potent antimicrobial activity in vitro against Gramnegative and Gram-positive bacteria for RNase 6, together with its closest homologue, RNase 7, and proposed both proteins as being responsible for the mammalian urinary tract sterility maintenance [11, 10] . Experimental evidence was also provided by the reported down-regulation of RNase 6 together with other host innate immunity proteins induced by the human immunodeficiency virus (HIV) [12] . RNase 6 displays 55 % amino acid identity with RNase 7, and belongs to the RNase 6, 7 and 8 cluster, sharing with them common structural features ( Figure 1A ). Interestingly, even though it has been found that eosinophil RNase 2 and RNase 3 gene lineages have undergone one of the highest rates of divergent evolution to produce paralogous genes [13, 14] , RNase 6 primate gene lineages appear to have evolved in a more conservative mode [9] . On the other hand, a contradictory scenario has been reported in rodents, in which the evolution of RNase 6 presents a substantially higher rate [15] . All in all, a similar tendency towards an isoelectric point increase is shared within the eosinophil lineage.
The RNase A superfamily members share a conserved catalytic mechanism that was thoroughly characterized thanks to the pioneering enzymology studies during the first half of the XX's century [16] [17] [18] . RNase A catalyses the cleavage of the 3 5 phosphodiester bond of single polynucleotide substrates, showing selectivity for pyrimidines at the main base subsite (B 1 ) and a preference for purines at the secondary base site (B 2 ). Degradation of polynucleotide substrate is also assisted by additional binding sites at both sides of the catalytic centre, referred to as B n , R n and p n for bases, ribose and phosphate binding respectively [19] .
Preliminary kinetic characterization of RNase 6 upon its discovery indicated a moderate catalytic efficiency with respect Abbreviations: C>p, cytidine 2 ,3 -cyclic phosphate; poly(A), polyadenylic acid; poly(C), polycytidylic acid; poly(U), polyuridylic acid. 1 Present address: Imperial College London, South Kensington Campus London, London SW7 2AZ, U.K. 2 To whom correspondence should be addressed (email Ester.Boix@uab.cat). Tested mutations on RNase 6 are indicated with red arrows. The alignment was performed using ClustalW, and drawn using ESPript (http://espript.ibcp.fr/ESPript/). Labels are as follows: red box, white character for strict identity; red character for similarity in a group and character with a blue frame for similarity across groups. (B) RNase 6 3D structure surface representation using the CONSURF web server (http://consurf.tau.ac.il/) featuring the relationships among the evolutionary conservation of amino acid positions within the RNase A family. The 3D structure shows residues coloured by their conservation score using the colour-coding bar at the bottom. Sulfate anions (S1-S4) and the glycerol (GOL) molecule found in the crystal structure are depicted. Conserved residues belonging to the RNase catalytic site and interacting with bound sulfate anions are labelled.
to the family reference member RNase A. Estimation of kinetic parameters using yeast tRNA as a substrate reported approximately a 40-fold reduced catalytic rate in comparison with RNase 2 [8] . Further side-by-side comparison of RNase 6 catalytic efficiency confirmed an overall moderate relative catalytic efficiency, higher than that of RNase 3 but significantly lower than that of RNase 7 [20] [21] [22] .
In the present paper, we describe the first crystal structure of RNase 6. The protein structural analysis is complemented by its enzymatic characterization to highlight RNase 6's singularity within the RNase A family context.
MATERIALS AND METHODS

Expression and purification of the recombinant proteins
A plasmid containing the gene of recombinant human RNase 6 was transformed in a prokaryote expression system. The cDNA encoding RNase 6 sequence was a gift from Dr Helene Rosenberg (National Institutes of Health, Bethesda, MD, U.S.A.). Mutant variants were constructed using the Quik Change Site-Directed Mutagenesis kit (Stratagene). All constructs were confirmed by DNA sequencing and the purified protein was analysed by MALDI-TOF-MS and N-terminal sequencing.
The genes were subcloned in plasmid pET11c for prokaryote high yield expression. Escherichia coli BL21(DE3) competent cells were transformed with the pET11c/RNase 6 plasmid. The expression protocol was optimized from the previously described procedure [20] to optimize the RNase 6 final recovery yield. For high yield expression, bacteria were grown in Terrific broth (TB), containing 400 μg/ml ampicillin. Recombinant protein was expressed after cell induction with 1 mM IPTG added when the culture showed a D 600 of 0.6. The cell pellet was collected after 4 h of culture at 37
• C. Cells were resuspended in 10 mM Tris/HCl and 2 mM EDTA, pH 8, and sonicated at 50 W for 10 min with 30-s cycles. After centrifugation at 15 000 g for 30 min, the pellet fraction containing inclusion bodies was processed as follows: the pellet fraction was washed with 50 mM Tris/HCl, 2 mM EDTA and 0.3 M NaCl, pH 8, and after centrifugation at 20 000 g for 30 min, the pellet was dissolved in 12 ml of 6 M guanidinium chloride, 0.1 M Tris/acetate and 2 mM EDTA, pH 8.5, containing 80 mM GSH, and incubated under nitrogen for 2 h at room temperature. The protein was then refolded by a rapid 100-fold dilution into 0.1 M Tris/HCl, pH 7.5, containing 0.5 M L-arginine, and GSSG was added to obtain a GSH/GSSG ratio of 4. Dilution in the refolding buffer was adjusted to obtain a final protein concentration of 30-150 μg/ml. The protein was incubated in refolding buffer for 48-72 h at 4
• C. The folded protein was then concentrated, buffer-exchanged against 0.015 M Tris/HCl, pH 7, and purified by cation-exchange chromatography on a Resource S column equilibrated with the same buffer. The protein was eluted with a linear NaCl gradient from 0 to 2 M in 0.015 M Tris/HCl, pH 7, buffer. Further purification was achieved by reverse-phase chromatography on a Vydac C 4 column, using an acetonitrile gradient. The homogeneity of the purified proteins was checked by SDS/15 % PAGE and Coomassie Blue staining and by Nterminal sequencing. RNase 3 and RNase 7 were expressed as previously described [20, 24] .
Spectrophotometric kinetic analysis
Polycytidylic acid [poly(C)], polyuridylic acid [poly(U)], polyadenylic acid [poly(A)], poly(A): poly(U), CpA, UpA, UpG and cytidine 2 ,3 -cyclic phosphate (C>p) (Sigma-Aldrich) were used as substrates, and the kinetic parameters were determined by a spectrophotometric method as described in [20] . RNase A, used as a control protein, was purchased from Sigma. Assays were carried out in 50 mM sodium acetate and 1 mM EDTA, pH 5.5, at 25
• C, using 1-cm pathlength cells. Substrate concentration was determined spectrophotometrically using the following molar absorption coefficients: ε 268 = 8400 M [20, 25] . Duplicates of seven substrate concentrations (ranging from 0.1 to 2 mM) were tested for each condition. Final enzyme concentrations were selected from 0.1 to 10 μM depending on the RNase activity for each assayed substrate. Kinetic parameters were obtained by the non-linear regression GraFit data analysis program (Erithacus Software). Relative activity of RNase mutants was calculated by comparison of initial velocities (V 0 ), using a substrate concentration of 0.1 mM for dinucleotides and 0.5 mg/ml for polynucleotides.
Activity staining gel
Zymograms were performed following the method previously described [26] . SDS/15 % polyacrylamide gels were cast with 0.3 mg/ml poly(C) (Sigma-Aldrich) and run at a constant current of 40 mA for 1.5 h. Then, the SDS was extracted from the gel with 10 mM Tris/HCl, pH 8, and 10 % (v/v) propan-2-ol. The gel was then incubated in the activity buffer (0.1 M Tris/HCl, pH 8) to allow enzymatic digestion of the embedded substrate and then stained with 0.2 % (w/v) Toluidine Blue (Merck) in 10 mM Tris/HCl, pH 8, for 10 min. Positive bands appeared white against the blue background. The loading buffer had no 2-mercaptoethanol to facilitate recovery of active enzymes. RNase A (Sigma-Aldrich) was used as a control.
Analysis of polynucleotide cleavage pattern
The characterization of the RNases, substrate cleavage patterns was carried out by studying the digestion product profiles, as previously described [27] . The poly(C) substrate (SigmaAldrich) was dissolved at a concentration of 0.5 mg/ml in 10 mM HEPES/KOH at pH 7.5. Then, 50 μl of the poly(C) solution was digested with 10 μl of enzyme solution at 25
• C for 1 h. Enzyme final concentrations were adjusted for each RNase: 50 nM for RNase 6 and RNase 6-H36R and 1.4 μM for RNase 6-H15A and RNase 7-H15A. At different digestion times the products of the reaction were separated by reverse-phase HPLC (Nova Pak C 18 , Waters) according to the previously described procedure [27, 28] . Briefly, the RNase/poly(C) reaction mixtures (50 μl and 15 μl for wild-type and mutant RNase 6 respectively) were injected on to the column equilibrated with solvent A (10 % (w/v) ammonium acetate and 1 % (v/v) acetonitrile) and the elution was carried out by an initial 10-min wash and 50-min gradient from 100 % solvent A to 10 % solvent A plus 90 % solvent B (10 % (w/v) ammonium acetate and 11 % (v/v) acetonitrile). Product elution was detected from the absorbance at 260 nm, and peak identification was performed according to previous characterization of oligocytidylic acids [29] .
Protein crystallization
RNase 6 crystals were obtained after high-throughput screening of available commercial kits by the hanging-drop vapour-diffusion methodology at 20
• C. In one of these kits, JCSG-plus TM HT-96 (Molecular Dimensions), RNase 6 at 10 mg/ml was able to crystallize under one condition (0.2 M NaCl, 0.1 M sodium cacodylate, and 2 M (NH 4 ) 2 SO 4 , pH 6.5). This condition was optimized to improve the crystal size by the hanging-drop methodology by mixing 1 μl of the protein sample with 1 μl of the crystallization buffer. The best condition resulting from this optimization was 0.05 M NaCl, 0.1 M sodium cacodylate (pH 6.5) and 2 M (NH 4 ) 2 SO 4 . Cubic crystals appeared after 10 days of incubation at 20
• C and were soaked in the cryoprotectant solution by adding 15 % glycerol to the crystallization buffer prior to X-ray exposure.
Data collection, processing and protein structure solving
Data were collected at the XALOC BL13 beamline station of ALBA synchrotron (Spain) using a wavelength of 0.9795 Å. Data collection was performed at 100 K using a Pilatus 6M detector (Dectris ® ), 800 images were taken at t exp = 0.2 s, ϕ = 0.2
• . The data obtained were processed with XDS (MPI for Medical Research) [30] . The structure was solved by molecular replacement with Phenix Phaser-MR program using an RNase 6 model constructed upon NMR structure of RNase 7 (PDB ID: 2HKY) [31] . Iterative cycles of refinement and manual building were applied using PHENIX [32] and Coot [33] respectively until no further improvement of R free could be achieved. Finally, the stereochemistry of the structure was validated with SFCHECK [34] and WHAT_CHECK [35] . Table 1 shows the data collection and structure refinement statistics.
Structure modelling
Molecular modelling predictions were carried out using proteinnucleotide docking and molecular dynamics (MD) simulations. Docking simulations were conducted with AutoDock 4.2.6 (Scripps Research Institute) and MD simulations were performed with GROMACS 4.5.5 [36] . RNase A and RNase 6 complexes with dinucleotides (CpA, UpA and UpG) were predicted. The initial RNase A-dinucleotides' positions were determined on the basis of crystallographic data of RNase A bound to d(CpA) [37] . For RNase 6-dinucleotide complexes, the position of the S1 sulfate was taken as reference. Due to the inactive position of His 122 in the RNase 6 crystal, the position of the histidine was adjusted to the 'active' conformation taking RNase A as a reference (PDB ID: 1RPG).
For MD simulations the force field AMBER99SB-ILDN [38] was used both for protein and RNA components. All of the complexes were centred in a cubic cell with a minimum distance of box to solute of 1.0 nm. The unit cell was filled with transferable intermolecular potential 3P (TIP3P) water [39] in neutral conditions with 150 mM NaCl. Neighbour search was performed using a group cut-off scheme with a cut-off of 1.4 nm for van der Waals interactions and 0.9 nm for the other shortrange Lennard-Jones interactions. For long range interactions, smooth particle mesh of Ewald (PME) [40, 41] was used with a fourth-order interpolation scheme and 0.16-nm grid spacing for FFT. The bonds were constrained with the P-LINCS algorithm [42] , with an integration time step of 2 fs. The energy of the system was minimized using the steepest descendant algorithm and equilibrated in two steps. First, an initial constant volume equilibration (NVT) of 100 ps was performed with a temperature of 300 K using a modified Berendsen thermostat. Then, 100 ps of constant pressure equilibration (NPT) was run at 1 bar (100 kPa) with a Parrinello-Rahman barostat [43, 44] at 300 K and the same thermostat. Finally, 20 ns production runs were performed under an NPT ensemble without applying restraints. Three independent simulations in periodic boundary conditions were conducted for each complex. The evolution of the average RMSD for all nonhydrogen ligand atoms after least-squares fitting to the original position was calculated. For prediction of the RNase 6-heptanucleotide complex, the RNase A-d(ATAA) crystal structure was taken as a reference (PDB ID: 1RCN [45] ). First, the d(ATAA) co-ordinates were used to build an AUAA ribonucleotide. His 122 of RNase 6 was fixed in the corresponding active conformation. Local search docking with 2000 cycles and 2000 iterations was performed with AutoDock 4.2.6 [46] to adjust the AUAA position to RNase 6 active site. Then, three cytidines were added to the 5 end of the tetranucleotide. The sulfate positions of the RNase 6 structures were taken as a reference to place the phosphates corresponding to the extended nucleotide. Then, a steepest descent energy minimization of the complex was performed with GROMACS 4.5.5. MD simulations were also applied using the same protocol described for dinucleotides.
Prediction of pK a values
Prediction of pK a values of selected protein residues was performed using the Rosetta online server ROSIE [47] . The estimated pK a values of selected histidine residues were calculated by using a neighbour sphere of 15 Å and considering the protonation state of ionizable residues. A starting pK a reference value of 6.3 for each histidine residue was ascribed. The program evaluates all potential conformational rotamers together with the influence of side chain and backbone mobility. RNase A (PDB ID: 7RSA) co-ordinates were used as a reference control. Predicted pK a values for His 12 , His 105 and His 119 in RNase A were found in accordance with the previously reported experimental values [48] . His 105 in RNase A and His 67 in RNase 6 were selected as control solvent-exposed residues, not involved in Coulombic interactions with nearby residues. The RNase A double mutant (RNase A-H7H10) [49] crystal structure (PD ID: 5ET4; Blanco, Salazar, Moussaoui and Boix unpublished results) was also analysed to evaluate the predicted pK a values for an engineered secondary site located at RNase A secondary phosphate-binding site.
RESULTS
RNase 6 3D structure
RNase 6 crystals diffracted to 1.72 Å. The structure was solved using RNase 7 structure as a model (PDB ID: 2HKY [31] ). The crystallographic statistics for the data collection, processing and structure solving are provided in Table 1 . Structural data for RNase 6 structure are available in the PDB under the accession number 4X09. The RNase 6 3D structure ( Figure 1B ) complies with the RNase A superfamily overall conformation, with a kidney-shaped structure formed by seven β-strands and three α-helices cross-linked by four conserved disulfide bonds, as listed in Supplementary Table S1 
RNase 6 sulfate-binding sites
The protein was crystallized in the presence of ammonium sulfate and four sulfate anions were identified in the crystal asymmetric unit ( Figure 1B and Supplementary Figure S1 ). Three of these sulfates corresponded to defined cationic regions exposed at the protein surface and correlate to putative RNA phosphatebinding sites, whereas the fourth sulfate is involved in the crystal packing. Sulfate anion interactions with nearby residues are listed in Supplementary Table S3 and illustrated in Figure 2 . Sulfate labelled S1 corresponds to the active site of the enzyme, conserved in all canonical RNases. The presence of either a sulfate or phosphate anion at the enzyme active site was already reported for RNase A [53, 54] and other family members: RNase 2-EDN (eosinophil-derived neurotoxin) [55] , RNase 3-ECP (eosinophil cationic protein) [56] and RNase 5-angiogenin [57] . On the other hand, the second sulfate (S2) found in the RNase 6 structure binds to a distinct region not reported in any other family members (Arg 66 /His 67 ). Comparative studies of our structure with the RNase A-tetranucleotide analogue [45] suggested that this region may represent a distinct phosphate-interaction subsite located at the 5 end of the RNA substrate. In addition, a third sulfate anion was visualized in the RNase 6 structure bound to two histidine residues (His 36 and His 39 ), His 39 being unique to RNase 6 among all RNase A members. Interestingly, both histidine residues together with a close by lysine residue (Lys 87 ) mimic the disposition of a putative RNase active site (Figure 3) , as also identified using the PDBeMotif analysis tool available at the PDBe server (http://www.ebi.ac.uk/pdbe-site/pdbemotif/).
RNase 6 main active site
The RNase 6 crystal structure illustrates the conservation of the active-site architecture within the RNase A family. . The presence of cationic residues near to the RNase 6 active site could shape the enzyme's performance, and may account for a reduction in its catalytic efficiency in comparison with RNase A (Table 2  and Supplementary Table S4) . Although the RNase 6 structure conserves equivalent positions for some key residues at the activesite environment, such as Gln 14 
RNase 6 nucleotide-binding sites
The RNase 6 crystal structure was further analysed to elucidate the structural basis for the protein substrate specificity and kinetic properties. Comparison of the RNase 6 structure with RNase A indicated conservation of most residues at the B 1 site. In contrast, non-conserved substitutions were found for Phe 120 and Ser 123 RNase A counterpart residues. Phe 120 is observed in RNase A to contribute stacking interactions to fix the pyrimidine ring [37] . Nevertheless, a leucine residue in RNase 6, also present in RNase 3, might also contribute to shape the protein base binding hydrophobic cavity. In any case, the presence of Phe 120 in both RNase A and RNase 4, two very efficient RNase A family members, might also explain their relative higher catalytic activity. On the other hand, B 1 selectivity is considered to be dependent on a Thr-Asp dyad relative position. Thr 45 -Asp 83 interactions were attributed in RNase A to shift from cytidine to uridine preference [17] . However, in RNase 6, the presence of Gln 40 (Figure 1 ). This scenario might explain in RNase 6 the observed increase K m value for both UpA and CpA with respect to RNase A (Table 2) . On the other hand, the orientation of Asp 80 , closer to RNase A counterpart but clearly distinct from RNase 4, may explain RNase 6's moderate preference for uridine at the B 1 site (Table 3) . Interestingly, the uridine predilection of RNase 4 would be mostly determined by Arg 101 that can directly interact with the uridine carbonyl group and bringes Asp 80 closer to the vicinity of Thr 45 [64] . Noteworthily, the presence of Arg 101 is characteristic of the RNase 4 lineage, whereas RNase A and RNase 6 have a lysine at this position which is pointing in the opposite direction.
Next, we analysed the RNase 6 structure at the secondary base site (B 2 ). Conservation of Asn 68 and Asn 64 (Asn 71 and Asn 67 in RNase A respectively) is observed. Notwithstanding, the presence of a non-conserved cationic residue at position 66 might alter significantly the region. Additionally, although there is a conservative substitution for Glu 111 in RNase A (Asp 107 in RNase 6), the distinct loop orientation, due to the presence of a proline residue in RNase 6, modifies considerably the region's putative interactions. Altogether, the B 2 site architecture would provide reduced binding interactions to the purine base, retaining a preference for adenine compared with guanine, as confirmed by our kinetic results (Tables 2 and 3, and Supplementary Table  S4 ) and reported for most of the other tested mammalian RNase A family members [65] [66] [67] . Finally, we searched the RNase 6 structure for phosphate-binding sites that could contribute to the recognition of an RNA polymeric substrate, as described for RNase A [19] . Towards this aim, the protein nucleotide-binding mode was further analysed by molecular modelling.
Structure analysis by molecular modelling simulations
MD simulations were performed to predict the overall RNase 6 substrate-binding mode. Three independent runs were carried out for a total of 20 ns. All ligand positions were fully stabilized after a time lapse of 5 ns, showing a final average RMSD ranging from 0.15 to 0.3 nm. First of all, MD simulations were applied to RNase dinucleotide complexes taking as a model reference the RNase A-d(CpA) crystal structure [37] . Results indicated that the CpA and UpA dinucleotides could accommodate in a similar orientation into the RNase 6 catalytic cleft, showing no significant displacement from the original location (Figure 4) . A close inspection of predicted RNase 6-dinucleotide interactions corroborated some of the structural features inferred from the crystal structure analysis. Equivalent interactions at the phosphate position suggested a conserved binding mode at the main phosphate-binding site (p 1 ). Noteworthily, although the starting position of His 122 in the RNase 6 crystal was found in the inactive conformation, the residue was adjusted to its active orientation before modelling, remaining in the favoured orientation for catalysis after all MD simulations. Interestingly, together with equivalent relative positioning of Gln 14 , His 15 and His 122 , the presence in the RNase 6 activesite neighbourhood of Lys 7 and Trp 10 (Ala 4 and Lys 7 in RNase A) would account for significant differences at the p 1 environment.
The binding pattern described for RNase A was also mostly conserved for RNase 6 at the main pyrimidine base site (B 1 ). Leu 123 in RNase 6 was observed to partially supply the Phe 120 -stabilizing role in RNase A, but might induce a minor tilt of the ring plane. Interestingly, together with the conserved bidentate hydrogen bond between Thr 42 and the pyrimidine base, the closeby Gln 40 could directly interact with the Asp 80 and the N3 atom of the pyrimidine base.
On the other hand, the comparison between the secondary basebinding site (B 2 ) of both RNases showed minor differences in the relative position of the adenine base, but a more pronounced base displacement for the guanine-containing dinucleotides. Equivalent hydrogen bond interactions to adenine were found in RNase 6 for Asn 64 (Glu  111 ) . In particular, a major displacement from the original position was observed for the UpG dinucleotide in complex with both RNases. MD simulations indicated that the guanine base could not properly fit into the B 2 site, promoting non-canonical orientations, where the guanine base was partially displaced. Moreover, in both RNases, the bidentate hydrogen bond to Asn 68 (Asn 71 in RNase A) was partially lost. Variability among replicates in the dinucleotide positioning reminded the reported productive and non-productive binding mode for the crystallographic complexes of RNase A with 2 5 -UpG [68] . Additionally, interactions in both RNases between the guanine C2 amino group and the Asp 107 (Glu 111 in RNase A) residue would fix the base in a less favoured orientation, pushing away the phosphate from the main active site. Nonetheless, the relative UpG displacement from the original position was less pronounced in the predicted RNase A complex, probably due to the contribution of Phe 120 -stacking interactions at B 1 , that provide a better fixation of the pyrimidine base. On its side, the presence in RNase 6 of Lys 7 close to the active-site environment would favour the displacement of the phosphate towards the p 2 region.
Complementarily, to gain further insight into the protein nucleotide-binding mode we modelled an heptanucleotide complex taking the RNase A-d(ApTpApA) crystal structure [45] as a starting reference model ( Figure 5 ). The oligonucleotide fitted nicely into the enzyme active cleft showing only significant differences from the RNase A-binding mode at the secondary substrate-binding sites. Figure 5 highlights the protein residues at hydrogen bond distance observed in the protein-heptanucleotide complex. Putative RNase 6 substrate-binding sites were ascribed for base and phosphate recognition (Supplementary Table S5 ). Together with conserved equivalent sites to RNase A, the predicted complex illustrated the presence in RNase 6 structure of unique interacting residues at the RNA 5 end. A novel specific region at p −2 and p −3 sites would be conformed by His 36 , His   39 and Lys 87 . In addition, stacking interactions between His 36 and the base located at the B −2 position were also identified in the model.
Kinetic characterization of RNase 6
Next, we determined the RNase 6 enzymatic activity against a variety of RNA substrates to correlate the protein structure with its enzymatic properties. RNase 6 catalytic efficiency ratio was compared with RNase 3 and RNase A (Supplementary Table  S4 ), as representative family members for low and high catalytic efficiency respectively [18, 23, 66] .
First, kinetic parameters for RNase 6 were calculated for dinucleotide and cyclic mononucleotide substrates ( Table 2) . Comparison of K m and k cat values for cyclic mono-and dinucleotides indicated that most of the decrease in the catalytic efficiency of RNase 6 in comparison with RNase A (from 100-to 1000-fold) is due to a reduction in the catalytic constant value. A side-by-side comparison of substrate relative ratio (Table 3) highlighted for RNase 6 a preference for uridine at the B 1 site and selectivity for adenine at B 2 . Additionally, the enzyme activity was assayed against polymeric substrates (Table 3 and Supplementary  Table S4 ). RNase 6 displayed a low catalytic efficiency for polynucleotides in comparison with RNase A (Supplementary Figure S2) , showing a similar reduced relative catalytic activity as previously reported for RNase 3 [20] . Interestingly, we observed that RNase 6 had the ability to degrade the double stranded poly(U):poly(A) substrate, a property not shared by RNase 3. Complementarily, to evaluate the contribution of the RNase 6-specific subsite arrangement, we analysed the enzyme poly(C) cleavage pattern, as a model of polymeric substrate ( Figure 6 ). The oligonucleotides obtained from the substrate digestion were eluted by reverse-phase chromatography, where the mononucleotide fraction is eluted at the initial conditions and oligonucleotides of increasing size are eluted at increasing retention times. The previously optimized methodology distinguishes between consecutive sizes up to eight or nine nucleotides, whereas the peaks corresponding to higher-molecular-mass components contain more than one oligonucleotide size due to the column discrimination power limitations [29] . Our previous work on RNase A cleavage pattern showed a decrease in the initial poly(C) peak followed by the formation of intermediate oligonucleotides with an average size of around six or seven residues, a pattern that supported the enzyme multisubsite structure providing a characteristic endonuclease-type activity [29] . Noteworthily, RNase 6 displayed a characteristic digestion profile differentiated from that previously obtained for RNase A [27] , where there is first the formation of considerably large intermediates which are subsequently digested, giving rise to relatively shorter intermediates. Interestingly, the decrease in the original polynucleotide substrate was enhanced for RNase 6 at short incubation times. On the other hand, the predominance of smaller oligonucleotides did not take place until most of the high-molecular-mass polymeric substrate has been degraded, revealing a singularized cleavage pattern, that could be ascribed to a pronounced endonuclease mechanism. 
Kinetic characterization of RNase 6 mutants
Analysis of the RNase 6 three-dimensional structure and molecular modelling predictions suggested that the enzyme facility to cleave polymeric substrates could be related to the presence of surface-exposed cationic residues that might facilitate the RNA anchorage and degradation. Noteworthily, the presence in RNase 6 of a histidine pair (His 36 /His 39 ) (Figure 1 and Supplementary Figure S3) [69] . Additionally, His 36 was mutated to arginine to remove the putative secondary catalytic histidine residue while retaining an exposed cationic charge. In addition, most RNase A family members, including RNase 7, the closest RNase 6 homologue, display an arginine residue at an equivalent position ( Figure 1 and Supplementary Figure S3) . Eventually, a double mutant (His15A/His36A) was engineered to evaluate simultaneously the removal of the main and secondary active sites.
Kinetic characterization of point mutants confirmed the key role of both His 15 and His 36 ( Table 4 ). The contribution of His 36 was found to be mostly critical for polymeric substrates. On the other hand, we observed how the RNase 6-H15A mutant was retaining a significantly high activity for polymeric substrates (approximately 35-40 % relative activity respect to wild-type RNase). Interestingly, for the assayed dinucleotides, a residual relative activity of approximately 15 % was observed, which was abolished by the double mutation. Moreover, the RNase 6-H15A activity was further compared with the corresponding RNase 7-H15A mutant ( Table 4 ). The complete abolishment of activity for the RNase 7 active site mutant for dinucleotides, in contrast with RNase 6-H15A, corroborated the hypothesis. On the other hand, a remnant activity for polynucleotides is observed for both the RNase 6 double mutant and the RNase 7-H15A mutant. Likewise, residual catalytic activity for the RNase A-H12K/H119Q mutant was attributed to be solely promoted by the RNA structure distortion induced by the enzyme interaction [49] .
Complementarily, the analysis of RNase 6 activity on polymeric substrates was also assayed on an activity staining gel and by the analysis of the polynucleotide digestion products. The side-by-side comparison of the polynucleotide cleavage product profiles obtained by incubation with both RNase 6-H15A and RNase 7-H15A mutants, devoid of the main active-site histidine residue, confirmed the presence in RNase 6 of another cleavage site. We observed that, using the same assay conditions, a considerable amount of activity is achieved with the RNase 6-H15A mutant, whereas non-significant activity is observed for the corresponding RNase 7-H15A mutant (Supplementary Figure  S4) . Comparison of both RNases activity on poly(C) together with RNase 6 mutants was also analysed by the zymogram technique (Supplementary Figure S2) , where the RNase 6 double mutant displayed no detectable activity at even a 5-fold protein concentration. Interestingly, when comparing the poly(C) digestion pattern along with the His 15 and 36 respective mutants' profiles we observe how both mutants shifted their product elution profile towards a more exonuclease-type pattern, accumulating shorter intermediates than the native enzyme at an earlier stage of the reaction. A similar profile progression was previously reported for RNase 3, described to present a subsites arrangement that would favour an exonuclease cleavage pattern [20] .
DISCUSSION
We report in the present paper the first crystal structure RNase 6 in complex with sulfate anions (Table 1 ). The location of putative phosphate-binding sites was deduced from the position of the sulfate anions in the crystal structure (Figure 2 and Supplementary  Table S3 ). Structural analysis and kinetic characterization were carried out to outline the protein nucleotide-binding sites arrangement. The first sulfate was ascribed to the main RNase phosphate-binding site, shared with the other RNase A family members [54, 55, 67] . Two additional sulfate anions were located at the protein-exposed cationic residues (His 36 (Figures 1 and 3) . Kinetic studies corroborated the involvement of His 36 in enzyme catalysis ( Table 4) .
The contribution of RNase 6 novel secondary catalytic site in the catalytic mechanism was further analysed by the characterization of the enzyme polynucleotide cleavage pattern ( Figure 6 ). The distribution of substrate digestion products indicated that the breakdown of the polymeric substrate was not a random process. The chromatography profiles revealed the preference of RNase 6 for the binding and cleavage of long RNA strands, where the broken phosphodiester bonds would be located considerably spaced apart from the end of the chain. By comparison with the previously characterized RNase A cleavage pattern [29] , we concluded that the RNase 6 activity towards the polymeric substrate was even more endonucleolytic than the previously described for RNase A [19] . On the other hand, we observed how the poly(C) digestion profile underwent a pronounced shift in its cleavage pattern towards an exonuclease-type propensity when the main active-site histidine was mutated (Figure 7) .
Complementarily, structural analysis also illustrated a well-defined substrate multisubsite arrangement for RNase 6. Interestingly, the predicted RNase 6 complex with a heptanucleotide by MD ( Figure 5 ) revealed the presence of novel sites at the RNA 5 end that would be ascribed to B −2 and p −2 /p −3 sites (Supplementary Table S5) .
Interestingly, the RNase 6 structure revealed equivalent histidine ND1 to NE2 atomic distances for His 15 /His 122 and His 36 /His 39 , suggesting the presence of a secondary catalytic site. In addition, we observed stacking interactions between the B −2 base of the oligonucleotide and His 39 in the predicted complex. However, structural analysis identified no additional residues for binding of adjacent bases at both phosphate sides. Notwithstanding, kinetic data on dinucleotides indicated a reduced efficiency performance for this novel active site. Indeed, the percentage of remnant catalytic activity displayed by the RNase 6-H15A mutant is similar to the activity displayed by a previously engineered RNase A construct with an additional active site created at the p 2 phosphate-binding site position (RNase A-H7H10 variant) [49] . Likewise, a similar scenario might be envisaged for RNase 6 (see Supplementary Table S6 for comparison of estimated pK a values for both RNase A His 7 /His 10 and RNase 6 His 36 /His 39 pairs). The calculated pK a values for the corresponding histidine residues exposed at the protein surface indicated that neither of them underwent a significant decrease from the reference value that could provide an efficient base catalyst. Therefore, the predicted pK a for His 36 and His 39 could not reproduce properly the efficient RNase A catalytic site [18, 48] . And last, but not least, the presence of a third residue that could stabilize the transition state intermediate is not obvious. Interestingly, we find a neighbouring lysine residue (Lys 87 ) at the novel site environment that could meet the required RNase active site geometry (see Figure 3 for a schematic illustration). Unfortunately, the Lys 87 side chain is disordered in the present RNase 6 crystal structure, providing no information on its proper orientation. However, the Lys 87 side-chain conformation predicted by MD in the RNase 6-heptanucleotide complex did provide interactions with a phosphate located at the p −3 site (Supplementary Table S5 ). Noteworthily, Lys 87 is found in all primate RNase 6 counterparts, but is absent from the murine sequence [9, 15] . Interestingly, even if the RNase A mutant at Lys 41 was shown to drastically reduce the enzyme catalytic efficiency [70] , the insertion of a secondary catalytic site for RNase A at the p 2 location conformed by only a histidine dyad was also able to provide approximately 10-15 % of remnant activity in the absence of the main active site [49] . Likewise, the proposed novel RNase 6 secondary site would behave as a poor catalyst. In any case, the present kinetic data indicate that the presence of an anchoring site at the 36-39 region enhances significantly the enzyme catalysis of polymeric substrates. Interestingly, Sorrentino and co-workers' analysis of the enzymatic properties of RNase A family members suggested that the presence of a cationic cluster at that region, combined with an anionic residue at RNase A residue at the 83 position (Asp 80 in RNase 6), correlated to the facility to destabilize dsRNA, exposing single-stranded stretches to the enzyme for cleavage [65, 71, 72] . Interestingly, RNase 6 shows a particular overabundance of histidine residues at its polypeptide sequence, in comparison with the other family homologues. As previously mentioned, most of these histidine residues are unique to the RNase 6 lineage ( Figure 1B) [9, 15] and Arg 66 are only present in the more evolved primates. Overall, evolutionary pressure would have drifted RNase 6 towards a slightly more cationic primary structure with an overabundance of histidine residues, providing a novel secondary active site. Future research should explore the ultimate implications in the protein's physiological function.
Conclusions
The RNase 6 first crystal structure has provided us the opportunity to explore its structure-function relationship. By combining structural analysis together with molecular modelling and kinetic characterization, we were able to spot key regions contributing to the enzyme's substrate specificity and catalytic properties.
Results highlighted the RNase 6 multisubsite arrangement for substrate binding and the contribution of a secondary catalytic site that facilitates the cleavage of polynucleotide substrates. Further work is needed to fully characterize RNase 6's enzymatic properties towards the understanding of its specific mechanism of action.
